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T Cell Progenitors Emerge Earlier Than B Cell
Progenitors in the Murine Fetal Liver
to satisfy the following two criteria: (1) the culture condi-
tion is effective in supporting the differentiation and
growth of different lineage cells, and (2) the fate of single
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Department of Immunology progenitors can be monitored as in the CFU-C assay.
The first such trial was made by Cumano et al. (1992),Institute for Frontier Medical Sciences
Kyoto University who cultured single cells from a stem/progenitor cell±
enriched population on a monolayer of a stromal cellSakyo-ku, Kyoto 606-8507
Japan line that supports the development to both B and my-
eloid cells. Similar approaches using the methylcellulose
colony assay have been reported (Aiba and Ogawa,
1997). These assays, however, are ineffective in analyz-Summary
ing the T cell potential. The MLP assay reported by
us (Kawamoto et al., 1997) has broadened the area ofThe developmental potential of individual cells in the
investigation to include the T cell lineage in addition toLin2c-kit1CD451IL-7R1 (IL-7R1) population from mu-
B and myeloid lineages. The MLP assay is a modificationrine fetal liver was investigated using a clonal assay
of the FT organ culture, in which single progenitors arecapable of determining the potential of a progenitor
cultured together with a dGuo-treated FT lobe in theto give rise to myeloid, T, and B cells. Unipotent pro-
presence of a cytokine cocktail that supports the growthgenitors generating T cells (p-T) or B cells (p-B) but
of B and myeloid cells. With the MLP assay, it becamenot other types of progenitors were found in the IL-
possible to discriminate various types of progenitors7R1 population. A large proportion of progenitors at
that are committed to generating T, B, or myeloid cellsday 12 of gestation are p-T, whereas the frequency of
(p-T, p-B, or p-M, respectively) as well as multipotentp-T dramatically decreases with gestational age. In
progenitors (p-Multi) capable of generating T, B, andmarked contrast, p-B are very rare by day 12, but they
myeloid cells. The presence of bipotent progenitors giv-rapidly increase thereafter. These findings strongly
ing rise to myeloid and T cells (p-MT) and myeloid andsuggest that the commitment of multipotent progeni-
B cells (p-MB) was also found (Kawamoto et al., 1999).tors to T and B cell lineages occurs independently.
Enrichment or purification of different types of progen-
itors with specific cell surface markers represents an-
Introduction other important strategy for further investigation of the
mechanism of lineage commitment and characterization
All hematopoietic cells, including T and B lymphocytes, of progenitors. IL-7 is one of the most important factors
are derived from hematopoietic stem cells. Differentia- involved in growth and differentiation of both T and B
tion toward erythro-myeloid lineage cells has been ex- cells (Peschon et al., 1994; von Freeden-Jeffry et al.,
tensively studied after development of the colony-form- 1995). It has been shown that IL-7R is expressed by a
ing unit-culture (CFU-C) assay, and it has been shown subpopulation of bone marrow (BM) cells containing
that a variety of branching points have to be passed progenitors for T and/or B cells (Kondo et al., 1997; Ryan
through until different types of mature blood cells are et al., 1997). In the present study, we found that IL-7R1
generated (Ogawa, 1993). Development of T and B cells cells begin to emerge at 11 days postcoitum (dpc) in
has usually been studied independently from each other the lineage marker (Lin)2c-kit1CD451 population of fetal
and from that of erythro-myeloid cells. T cell progenitor liver (FL) cells and that only p-T and p-B are included
activity is mostly investigated by transferring cells into in the IL-7R1 population. Moreover, it was found that
irradiated recipients (Katsura et al., 1988; Spangrude the emergence and expansion of p-T occurs indepen-
and Weissman, 1988) or by coculturing cells from hema- dently of and earlier than p-B. The results will be dis-
topoietic organs with a deoxyguanosine (dGuo)-treated cussed in reference to the origin of T and B cells.
fetal thymus (FT) lobe (Jenkinson et al., 1982). B cell
progenitor activity is investigated by culturing the cells Results
on a monolayer of bone marrow±derived stromal cell
lines (Nishikawa et al., 1988). No in vitro systems, how- Emergence of IL-7R1 Cells in FL
ever, had been available that were capable of examining Cells obtained from FL of 11±14 dpc fetuses (BALB/c)
the developmental potential of a progenitor toward dif- were two-color stained for Lin and c-kit, three-color
ferent lineages covering T, B, and myeloid lineages, until stained for Lin, CD45 and IL-7R, or three-color stained
the establishment of the multilineage progenitor (MLP) for Lin, c-kit, and IL-7R, and analyzed with a flow cyto-
assay (Kawamoto et al., 1997). meter. At 11 dpc, a large proportion of FL cells express
In order to clarify the developmental potential of stem/ c-kit (Figure 1, left lane). The proportion of c-kit1 cells
progenitor cells toward different lineages including rapidly declines during 11±12 dpc, and the reduction
lymphoid lineages, an experimental system is required continues thereafter. However, the absolute number of
c-kit1 cells increases because the total number of FL
cells exponentially increases during the fetal age (see* To whom correspondence should be addressed (e-mail: katsura@
frontier.kyoto-u.ac.jp). Figure 4B).
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B cell±generating activity was investigated by cultur-
ing these cells (100 cells/well) on a monolayer of the
TSt-4 stromal cell line that supports the generation of
B and myeloid cells (Ohmura et al., 1999). As shown in
Figure 2B, both IL-7R2 and IL-7R1 cells are capable of
generating B cells. B cell generation from IL-7R1 pro-
genitors is slightly faster than that from IL-7R2 progeni-
tors. It could be that IL-7R1 B cell progenitors are at a
more advanced stage than IL-7R2 B cell progenitors or
merely that the frequency of B cell progenitors in the IL-
7R1 population is higher than in the IL-7R2 population.
T cell progenitor activity was investigated by culturing
IL-7R2 and IL-7R1 cells together with a dGuo-treated
FT lobe (100 cells/well). Figure 2C indicates that both
populations contain T cell progenitors. As with the B
cell generation, T cell generation from IL-7R1 progeni-
tors was slightly more rapid than that from IL-7R2 pro-
genitors. In both groups, T cell generation was much
more rapid than in the group seeded with BM c-kit1
cells. The time course of T cell maturation in cultures
of 100 IL-7R1 FL cells, as measured by expression of
CD4 and/or CD8 (Figure 2D), conforms to that seen in
cultures of single p-T (Kawamoto et al., 1999). These
Figure 1. Identification of c-kit1CD451IL-7R1 Cells in the FL at Vari- results indicate that IL-7R2 progenitors are apparently
ous Gestational Ages multipotent, whereas IL-7R1 progenitors seem to be
FL cells from BALB/c fetuses were two-color stained with anti-Lin restricted to lymphoid lineages. However, since a large
(TER, Gr-1, B220, Thy-1) and anti-c-kit, three-color stained with anti- number of cells (100 cells) are used as the source of
Lin, anti-CD45, and anti-IL-7R, or three-color stained with anti-Lin,
progenitors, it is unclear whether the IL-7R1 populationanti-c-kit, and anti-IL-7R. c-kit versus Lin expression is shown on
contains bipotent progenitors capable of generatingthe left, and CD45 versus IL-7R in Lin2 population is displayed in
the middle. The histograms on the right indicate that IL-7R1 cells both T and B cells or whether a mixture of p-T and p-B
are c-kit1. The numbers in the figures represent the percentage in is present in this population.
whole FL of cells in each quadrant or the area indicated by a box.
Total cell numbers per FL are shown in Figure 4B.
Clonal Analysis of the Progenitors in IL-7R2
and IL-7R1 Populations of 13 dpc FL
We investigated the progenitor activity of individual cellsThe middle lane of Figure 1 shows the CD45 versus
in the IL-7R1 and IL-7R2 populations of 13 dpc FL. SingleIL-7R expression profiles of Lin2 cells. It can be seen that
cells were picked up with a micropipet, put into eacha small number of IL-7R low-expressing cells appear at
well of a V-bottom plate in which a dGuo-treated FT11 dpc and that the expression levels of IL-7R and the
lobe had been placed, and cultured under high oxygenproportion of IL-7R1 cells increase thereafter. The in-
submersion (HOS) conditions (Watanabe and Katsura,crease of the proportion of IL-7R1 cells is prominent
1993) in the presence of stem cell factor (SCF), IL-7 andbetween 11 and 12 dpc. It can also be seen that Lin2IL-
IL-3 (Kawamoto et al., 1997). Cells were harvested from7R1 cells are c-kit1 (Figure 1, right lane). Hematopoietic
each well on the tenth day of culture for flow cytometricprogenitors in BALB/c mice do not express Sca-1, al-
analysis. In analyzing the surface phenotypes of cellsthough in most strains of mice including C57BL/6 (B6),
generated in these cultures, a large gating area was setIL-7R1 cells express Sca-1 at low levels (data not
in the forward-side scatter parameter in order to includeshown).
all viable T, B, and myeloid cells (Figure 3A). Only p-T
and p-B were detected in the IL-7R1 population, while no
other types of progenitors, such as p-TB, were detectedProgenitor Activity of IL-7R2 and IL-7R1 Cells
for Myeloid, B, and T Cell Lineages among IL-7R1 cells. Examples of flow cytometric pro-
files of cells derived from a single p-T and a p-B areIL-7R2 and IL-7R1 cells from 13 dpc FL (100 cells/well)
were cultured on a monolayer of the stromal cell line shown in Figure 3B. On the other hand, the IL-7R2 popu-
lation contains all six types of progenitors that had beenPA6 that supports the generation of myeloid cells only
(Nishikawa et al., 1988). Generation and growth of mac- found in our previous studies. Profiles of cells derived
from p-Multi, p-MT, p-MB, and p-M are not shown, butrophages and granulocytes were observed in the IL-7R2
group, whereas only a very transient growth of macro- they are identical to those described previously (Kawa-
moto et al., 1997, 1999). Profiles of cells generated in aphages was seen in the IL-7R1 group (Figure 2A). Such
macrophages were observed as 1±3 small colonies per well where 20 IL-7R1 cells were cultured are also shown
in Figure 3C, and it is indicated that the MLP assaywell. The myeloid potential of the same populations of
cells was also investigated using the CFU-C assay, and culture is able to support the generation of both T and
B cells in the same well.it was found that z20% of IL-7R2 cells produced colo-
nies of varying sizes, whereas z1% of IL-7R1 cells pro- The frequency and total number of different types of
progenitors in the IL-7R2 and IL-7R1 populations of 13duced small colonies (data not shown).
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Figure 2. IL-7R1 FL Cells Are Capable of Generating T and B Cells but Not Myeloid Cells
(A) Myeloid cell generation. IL-7R2 or IL-7R1 cells (1 3 102) from 13 dpc fetuses were cultured on a monolayer of the stromal cell line PA6.
Floating cells were collected various days after culture, counted, and analyzed for the expression of Mac-1/Gr-1. Each point represents the
mean of 5 wells.
(B) B cell generation. IL-7R2 or IL-7R1 cells (1 3 102) were cultured on a monolayer of the stromal cell line TSt-4. Floating cells were collected,
counted, and analyzed for the expression of B220. Each point represents the mean of 5 wells.
(C) T cell generation. IL-7R2 or IL-7R1 cells (1 3 102) were cultured with a dGuo-treated FT lobe in a V-bottom plate under HOS conditions.
Cells were collected from each well, counted, and analyzed for the expression of Thy-1. T cell generation from 103 c-kit1 BM cells is also
investigated. Each point represents the mean of 5±10 lobes.
(D) CD4 versus CD8 profiles of T cells generated from IL-7R1 FL progenitors. Samples are from the experiment shown in (C).
dpc FL are shown in Figure 3D. The distribution of these ated T cells and the other generated B cells. These
results strongly suggest that a large majority of progeni-progenitors in the IL-7R2 population is similar to that in
the c-kit1Sca-11 population from the 12 dpc FL of tors within the IL-7R1 population are committed to either
T or B cell lineage.B6 mice (Kawamoto et al., 1997). In IL-7R1 population,
among 100 cells examined, 12 were p-T and 17 were
p-B. Because p-Multi and bipotent progenitors as well Predominance of p-T at Early Gestational Stages
The IL-7R1 cells were isolated from FL of various gesta-as unipotent p-T and p-B are present in the IL-7R2 popu-
lation, it is likely that commitment to T and B cell lineages tional ages, and progenitor activity of individual cells
was investigated using the MLP assay. As in 13 dpc FLoccurs at the IL-7R2 stage and subsequently p-T and
p-B express IL-7R. No p-TB-type progenitors were de- (see Figure 3), only p-T and p-B were detected in this
population regardless of the gestational age, whereastected in either population. This is in contrast to the
detection of p-MT and p-MB in the IL-7R2 population. all six types of progenitors were seen in the IL-7R2
population (data not shown). Figure 4A plots the num-These results confirmed our failure to detect any p-TB-
type progenitors in the FL of B6 mice (Kawamoto et al., bers of p-T and p-B among 100 IL-7R1 FL cells against
the embryonic ages. At 12 dpc, 26 out of 100 cells as-1997, 1999), suggesting that the p-TB-type progenitors,
if present, are not the major intermediate in the process sayed were p-T, and only 4 were p-B. The proportion
of p-T rapidly declines thereafter. In marked contrast,of commitment to T and B cell lineages.
Paired-daughter analysis was performed to investi- the proportion of p-B increases reciprocally. Such a
rapid increase of B cell lineage±restricted progenitorsgate whether a T/B common progenitor capable of pro-
ducing a p-T and a p-B exists within the IL-7R1 popula- was confirmed by culturing single cells on a stromal
cell monolayer that supports the generation of B andtion. Single IL-7R1 cells were cultured on a monolayer
of the stromal cell line TSt-4, and after the first cell myeloid cells (data not shown).
In Figure 4B, numbers of p-T and p-B per total IL-7R1division, each cell of the pair was transferred to the well
of an MLP assay culture. The results are shown in Table FL cells of a fetus are plotted. Numbers of p-T and p-B
in the Lin2CD451 population of 11 dpc fetuses, thus1. No pairs were found in which one daughter cell gener-
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Figure 3. Identification of p-T and p-B but
Not Other Types of Progenitors in IL-7R1
Subpopulation of FL Cells
Single cells from IL-7R2 and IL-7R1 popula-
tions of 13 dpc FL were cultured under MLP
assay conditions. Cells grown in each well
were assayed on day 10.
(A) A large gating area was set in forward-
side scatter analysis to include all viable T, B,
and myeloid cells. This represents the scatter
characteristics of cells generated from a p-T
shown in the upper row of (B).
(B) Representative flow cytometric profiles of
cells generated from a p-T and a p-B. All cells
recovered from a well were T cells or B cells
but not myeloid cells. More detailed charac-
terization of cells derived from p-T and p-B
will be shown in Figure 6. B cells were found
to grow both inside and outside the FT lobe.
(C) T and B cells can be generated in the
same well of an MLP assay culture. IL-7R1
cells from 13 dpc FL (20 cells) were cultured
for 10 days.
(D) Frequency and total number of different
types of progenitors in IL-7R2 or IL-7R1 sub-
populations of 13 dpc FL cells. Progenitor
types were determined by analyzing the cells
generated in each MLP assay culture. The
scales on the top and bottom of each figure
represent the numbers of progenitors de-
tected among the cells assayed and the esti-
mated total numbers in FL, respectively. The
total number of cells used in the MLP assay
are indicated in parentheses. In calculating
the number of progenitors per FL, the number
of 13 dpc FL was taken as 5 3 106, and the
proportions of IL-7R2 and IL-7R1 subpopula-
tions are as shown in Figure 1.
representing those in both the IL-7R2 and IL-7R1 popu- TCR genes has been initiated in FL subpopulations
where p-T exist. Genomic DNA was extracted from IL-lations, are also shown. The number of p-T was higher
than that of p-B only until 12 dpc and did not increase 7R2 and IL-7R1 cells of 12 and 14 dpc fetuses and
subjected to PCR using primers for D-Jb2 (Figure 5B)regardless of a marked increase in FL cells. p-B contin-
ued to increase in number during 11±15 dpc, and after and for Vg3/4-Jg1 (Figure 5C). Neither TCRb nor TCRg
genes had been rearranged in the FL subpopulation,14 dpc their total number exceeded that of p-T by ten
times, suggesting that p-B but not p-T proliferate in FL. suggesting that T cell lineage commitment occurs prior
to TCR gene rearrangement.
Expression of T or B Cell Lineage±Specific Genes
Characterization of Cells Generated from Singlein IL-7R2 and IL-7R1 FL Cells
p-T and p-BWe screened IL-7R2 and IL-7R1 FL cells for the expres-
Individual cells of the IL-7R1 population from 12 dpcsion of genes that have been shown to play an important
and 14 dpc FL were cultured for 12 days under HOSrole in early T or B lineage cells (Urbanek et al., 1994;
Lin and Grosschedl, 1995; Hattori et al., 1996; Ting et
al., 1996; Wang et al., 1996). mRNA extracted from 300 Table 1. Paired-Daughter Analysis of IL-7R1 Progenitors
cells of IL-7R2 and IL-7R1 populations of 12 and 14
Progenitor Type ofdpc fetuses were examined by semiquantitative RT-PCR
Paired-Daughter Cells No. of Pairs Observed
(Figure 5A). Ikaros was expressed in all cell populations
p-T and p-T 5examined here. IL-7R1 but not IL-7R2 cells from 12 dpc
p-T and (Ð) 8FL express Gata-3 and Tcf-1. Of interest is that the
p-B and p-B 10
expression levels of these genes in 14 dpc FL cells p-B and (Ð) 11
became so low that they were barely detectable. In con- p-T and p-B 0
trast, the B cell lineage±specific genes EBF and Pax5 (Ð) and (Ð) 63
were strongly expressed in IL-7R1 14 dpc FL cells. Ex- Individual Lin2c-kit1 IL-7R1 cells from 13 dpc FL were cultured for
pression of these genes in 12 dpc FL cells was much 12 hr on TSt-4 monolayers in Terasaki plate. Each of the daughter
lower than that in 14 dpc FL cells. These expression cells was transferred to a single well of the MLP assay and cultured
for 10 days. Progenitor type was determined by flow cytometricprofiles of T or B cell lineage±specific genes correlate
analysis of cells generated in culture. Cumulative results from threewell with the proportion of p-T and p-B in these subpop-
independent experiments are shown. A total of 97 pairs were investi-ulations of FL cells (Figure 4A).
gated. (Ð), cell that did not show any progenitor activity.
We next investigated whether the rearrangement of
T Cell Progenitors in the Fetal Liver
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Figure 4. Emergence of p-T Precedes that of
p-B during FL Ontogeny
(A) Single cells of the Lin2CD451IL-7R1 popu-
lation from FL of 12±15 dpc fetuses, were
cultured in the MLP assay system. Numbers
of p-T (open circles) and p-B (filled circles)
detected among 100 IL-7R1 cells at different
days of gestation were plotted against gesta-
tional age. Cumulative results from eight ex-
periments are shown. Data for 13 dpc IL-7R1
cells are from the experiment shown in Figure
3. Only p-T and p-B but not other types of
progenitors were detected in IL-7R1 popu-
lation.
(B) Total numbers of p-T and p-B in the IL-
7R1 population from the FL of various days
of gestation. Numbers of whole FL cells and
Lin2c-kit1CD451 FL cells are also shown. In
calculating the number of progenitors per FL,
the proportions of IL-7R1 cells in 11±14 dpc
fetuses shown in Figure 1 were used. The
proportion of IL-7R1 cells in 15 dpc FL is
0.2%. The numbers of p-T and p-B from 11
dpc FL are not in IL-7R1 population but repre-
sent those detected in the Lin2c-kit1CD451
population.
conditions in the presence of SCF and IL-7. IL-3 was in determining the role of such progenitors in hemato-
poiesis.omitted from the culture in this experiment in order to
make the culture conditions optimal for T and B cell Cells from two clones in the 12 dpc group and two
clones in the 14 dpc group that generated T cells weredifferentiation. Clones containing Thy-11 cells but not
B2201 cells were regarded to be derived from a p-T. used for investigation of the rearrangement of TCRb
and TCRg genes (Figures 6B and 6C). All clones showAmong 70 cells examined, 18 p-T and 3 p-T were identi-
fied in the 12 dpc FL and 14 dpc FL groups, respectively, multiple rearrangements for both Db-Jb and Vg-Jg, indi-
cating that these FL p-T have proliferated before initiat-confirming the results shown in Figure 4. A portion of
the cells from individual clones were further investigated ing the rearrangement of TCR genes. These results eluci-
dated that commitment to the T cell lineage occurs muchfor expression of CD4, CD8, TCRab, and TCRgd. Among
a total of 16 Thy-11 clones, 14 clones were found to earlier than the rearrangement of TCR genes and that
the commitment is stable during the prerearrangementexpress all these molecules on their surface. Represen-
tative surface profiles are shown in Figure 6A. The re- proliferation phase.
Cells derived from individual p-T of IL-7R1 12 dpc FLmaining two clones generated only a small number
(z2,000 per clone) of cells that are Thy-11 but negative (four clones) and 14 dpc FL (two clones) were further
investigated for the presence of NK cells. It was foundfor any other T cell markers (data not shown). Usually,
nearly 20% of the progenitors, not only in FL but also that all six clones examined contained CD32DX51 cells
(see Figure 6A, right panel for example), thus indicatingin FT, are of such type. So far, we have not succeeded
Figure 5. Expression of Lymphoid Lineage-
Associated Genes in Subpopulations of FL
Cells where p-T or p-B Are Enriched
(A) mRNA was prepared from IL-7R2 and IL-
7R1 cells from 12 dpc and 14 dpc fetuses.
Samples equivalent to 300 cells were ana-
lyzed by RT-PCR. PCR products were elec-
trophoresed and stained with ethidium bro-
mide. Thy-11 FT cells (17 dpc fetuses) and
B2201 adult bone marrow cells were used as
controls.
(B and C) Absence of TCR gene re-
arrangement in subpopulations of FL cells
where p-T are enriched. Genomic DNA was
prepared from IL-7R2 and IL-7R1 FL cells of
12 dpc and 14 dpc fetuses. Unfractionated 15
dpc FT cells were used as a positive control.
Each sample (equivalent to 750 cells) was
PCR amplified using primers for Db2-Jb2 (B)
or Vg3/4-Jg1 (C). PCR products were electro-
phoresed through a 1.2% agarose gel and
stained with ethidium bromide.
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that p-T in FL retain NK potential. This is consistent
with our recent finding that the earliest thymic T cell
progenitors retain NK potential (Ikawa et al., 1999).
B cell generation was observed in 3 out of 70 wells
in the 12 dpc FL group and in 28 out of 70 wells in the
14 dpc FL group. Surface IgM-expressing cells were
generated in all B cell clones by day 12 of culture (data
not shown). D-J rearrangement of the IgH gene from 3
clones in the 12 dpc group and 4 clones in 14 dpc group
was investigated by PCR (Figure 6D). With the primers
used here, the maximum number of bands obtained is
4, as seen in the case of splenic polyclonal B cells (Figure
6D, extreme right lane). The observation of 3±4 bands
in most clones indicates that the FL p-B proliferated
before the initiation of IgH gene rearrangement, although
the proliferation of p-B seemed lower than that of p-T.
The smaller number of D-J rearrangement bands in
these p-B may indicate that the p-B examined are at a
stage immediately before D-J rearrangement or that
some p-B may have completed the rearrangement be-
cause D-J rearrangement is observed in 12 dpc FL
(Chang et al., 1992).
Discussion
After the discovery of lineage-restricted hematopoietic
progenitors (Abramson et al., 1977; Dick et al., 1985;
Keller et al., 1985; Lemischka et al., 1986), it became
popularly recognized that the development of T, B, and
myeloid cells from the stem cell progresses through
the stages of lineage commitment. However, studies on
early hematopoiesis have mainly focused on the charac-
terization and purification of the hematopoietic stem
cell (HSC) (Spangrude et al., 1988; Osawa et al., 1996).
Defining the process of commitment of T and B cell
lineages was not successful until the establishment of
the MLP assay system. The findings obtained with the
MLP assay (Kawamoto et al., 1997, 1998, 1999) provided
an opportunity to reconsider the process of differentia-
tion and lineage commitment in hematopoiesis.
Figure 6. Characterization of Cells Generated from Single p-T and We have previously shown that p-Multi are exclusively
p-B in IL-7R1 FL Cells
found in the Sca-1 high-expressing subpopulation (Sca-
Single IL-7R1 cells from 12 or 14 dpc fetuses were cultured with a
1high) of Lin2c-kit1CD451 FL cells, whereas the Sca-1dGuo-treated lobe for 12 days. Cells collected were assayed for
low-expressing subpopulation (Sca-1low) predominatelysurface phenotype, and some of the samples were examined for
contains lineage-committed progenitors (Kawamoto etTCR or IgH gene rearrangement.
(A) Representative flow cytometric profiles of cells generated from al., 1999). Such a restricted or uneven presence of differ-
a single p-T. This sample represents the T cells derived from p-T ent types of progenitors in phenotypically distinct sub-
in the FL of 12 dpc fetuses. The phenotypes usually do not differ populations suggests that the cell type(s) generated in
from those derived from a p-T in 14 dpc fetuses.
the MLP assay cultures reflect the developmental poten-(B) The D-J rearrangement of TCRb gene in cells derived from a
tial of the progenitors that have already undergone lin-single p-T. Genomic DNA was prepared from cells derived from
eage commitment in vivo. The experiments presenteda p-T. Each sample (equivalent to 750 cells) was PCR amplified,
electrophoresed, and stained with ethidium bromide. Unfraction- here provide further evidence that T and B cell lineage
ated 15 dpc FT cells were used as a positive control. The numbers commitment occurs in FL. In the IL-7R1 population, only
of recovered cells in clones 1±4 are 8.5 3 104, 5.0 3 104, 4.3 3 104, p-T and p-B were detected. Moreover, p-T and p-B are
and 6.8 3 104, respectively.
highly enriched in the IL-7R1 population of 12 dpc FL and(C) The rearrangement status of the TCRg genes in cells derived
the IL-7R1 population of 14 to 15 dpc FL, respectively.from a single p-T. DNA samples are the same as those used in (B).
It has been shown that IL-7 is a growth factor com-Each sample (equivalent to 750 cells) was PCR amplified, electro-
phoresed through a 1.2% agarose gel, and stained with ethidium monly used in T and B lineage cells (Peschon et al.,
bromide.
(D) The D-J rearrangement of the IgH gene in cells derived from a
single p-B. Genomic DNA was prepared from cells derived from 7
individual p-B (3 from 12 dpc fetuses and 4 from 14 dpc fetuses). spleen cells were used as a positive control. Each sample (equivalent
The mean numbers 6 SD of B cells in clones 1±3 and clones 4±7 to 750 cells) was PCR amplified, electrophoresed, and stained with
are 6.2 6 2.6 (3104) and 4.1 6 1.9 (3104), respectively. B2201 adult ethidium bromide.
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1994; von Freeden-Jeffry et al., 1995) and that it is an from 13 dpc fetuses were seeded to a dGuo-treated
lobe and cultured under the MLP assay conditions (Fig-essential factor for the growth of early thymocytes
(Rodewald et al., 1997; von Freeden-Jeffry et al., 1997). ure 3C), indicating that T cell generation does not inter-
fere with the B cell generation in the clonal culture andThe present study revealed that IL-7R begins to be ex-
pressed on progenitors in FL of 11±12 dpc fetuses. How- vice versa. Moreover, T/B bipotentiality was not ob-
served in paired-daughter analysis of IL-7R1 FL cellsever, since p-T and p-B are also present in the IL-7R2
population that contains various types of progenitors (Table 1). Thus, even if p-TB-type progenitors exist in
FL, their frequency should be too low to be detectable.including p-Multi, p-MT, and p-MB, it is likely that com-
mitment to p-T and p-B occurs at the IL-7R2 stage. The Although the presence of p-TB-type progenitors has
generally been accepted, this had not been based onnumber of p-T in FL were much higher than that of p-B
by 12 dpc (Figure 4). After 13 dpc, the number of p-T exact experimental evidence. Ikaros is often referred to
as a key molecule of the p-TB stage, because theremains constant regardless of the exponential increase
of FL cells with gestational age. This is consistent with Ikaros2/2 mice that produce a dominant-negative form
of protein showed severe defects in T, B, and NK cellthe recent findings of Ema et al. (1998), which state that
the number of progenitors in FL capable of generating generations (Georgopoulos et al., 1994). However, this
type of Ikaros2/2 mice also showed severe defects in BMT cells is highest on 13 dpc and then gradually decreases
thereafter, although their experiments did not distin- myelopoiesis. The same research group further showed
that the null mutation of the Ikaros gene resulted inguish among p-T, p-MT, and p-Multi. Figure 4 also
shows that the number of p-B dramatically increases complete lack of B cells and mature granulocytes, leav-
ing the postnatal T cell development nearly normalafter 13 dpc. Other types of progenitors, such as p-M
and erythroid progenitors, also show an increase in par- (Wang et al., 1996). Thus, at present, no transcription
factors have been found that are exclusively requiredallel with p-B (H. K. et al., unpublished data). The marked
difference in the time course of emergence of p-T from for the development of both T and B cells. On the other
hand, some transcription factors have been reported tothat of p-B strongly suggests that p-T are produced
independently of p-B. The increase of p-T in FL during play a crucial role exclusively in early development of
the T or B lineage. These are Gata-3 for the T cell lineage11±12 dpc could be compatible with the previous finding
that the first wave of migration of progenitors to FT (Ting et al., 1996) and E2A, Pax-5, and EBF for the B
cell lineage (Urbanek et al., 1994; Zhuang et al., 1994;occurs during these days (Jotereau et al., 1987). Such
an early supply of p-T to the thymus may be the prerequi- Lin and Grosschedl, 1995; Nutt et al., 1999), suggesting
that T and B lineages are independent of each othersite for the production of functional T cells around birth.
It remains to be clarified whether the earlier emergence from a very early phase of development. The only study
proposing the presence of common lymphoid progeni-of p-T can be attributed to intrinsic control in the stem
cell or to extrinsic factors. tors has been reported by Kondo et al. (1997), who cul-
tured Lin2c-kitlowIL-7R1 BM cells on methylcellulose forExtensive D-Jb rearrangements seen in T cells derived
from a single p-T (Figure 6B) provide evidence that 3 days and transferred the cells from individual colonies
into the thymus of irradiated mice. The same researchp-T proliferate in the thymus before TCRb gene re-
arrangement. Such proliferation was thought to be a group, however, recently stated that p-TB-type progeni-
tors may not exist in FL (Akashi et al., 1999). Since theprerequisite to the repertoire diversification of T cells
(H. K. et al., unpublished data). Similar proliferation was progenitors in FL develop much more rapidly than those
in adult bone marrow, it is possible that a stage of com-also seen before Vg-Jg rearrangement (Figure 6C). PCR
analysis of D-JH rearrangement indicates that p-B prolif- mon lymphoid progenitor present in adult bone marrow
is too short to be detected in FL.erate prior to D-JH rearrangement (Figure 6D), although
the scale of prerearrangement proliferation of p-B The present and our previous studies suggest that
p-T and p-B are derived from p-Multi, mainly throughseems much smaller than that of p-T. Such a prolifera-
tion before the rearrangement of antigen receptor genes bipotent p-MT and p-MB, respectively. These findings
provide us with an opportunity to reconsider the relation-shows that commitment to the T or B cell lineage occurs
much earlier than the initiation of the receptor gene ship between T, B, and myeloid lineages. It is well known
that B cells retain various properties similar to macro-rearrangement and that p-T and p-B do not exhibit any
fluctuation in developmental potential during extensive phages such as class II expression and antigen-present-
ing ability. It has also been pointed out that B lineageproliferation.
Of special interest is the failure to detect any p-TB- cells or cell lines can be converted to cells with macro-
phage characteristics (Boyd and Schrader, 1982; Klin-type progenitors in FL, fetal blood, FT, or aorta-gonad-
mesonephros region in this and previous studies (Kawa- ken et al., 1988) or dendritic cells (BjoÈ rck and Kincade,
1998) and that B-1 cells can become macrophage likemoto et al., 1997, 1998, 1999; Ohmura et al., 1999), thus
suggesting that the commitment to p-T and p-B does IgM1 cells when cultured on a stromal cell monolayer
(Borrello and Phipps, 1995). Recently, Lacaud et al.not occur through the stage of p-TB. This is supported
by the present finding that p-T emerge earlier than p-B. (1998) reported that some of the colonies generated
from FL progenitors showed bipotentiality, giving riseIt is unlikely that the MLP assay selectively failed to
detect the p-TB-type progenitors because the develop- to B cells and macrophages but not T cells (1998). It
should also be noted that T cell generation was ob-ment of both T and B cells is very effectively induced
in the MLP assay conditions and also in the HOS culture served in mice with a mutated PU.1 gene while B and
myeloid cell development was completely blockedsupplemented with SCF and IL-7 that was used in some
experiments (Figures 6). Growth of T and B cells in the (McKercher et al., 1996; Spain et al., 1999). Although it
is difficult to find out common characteristics betweensame lobe is frequently seen when 10±20 IL-7R1 FL cells
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plate, 100 cells of IL-7R2 or IL-7R1 population were added. TheT cells and macrophages, it has been shown that thymic
culture medium was the same as that for HOS organ culture.dendritic cells share the progenitors with T cells (Ardavin
et al., 1993). Moreover, some cases of leukemia have
HOS Organ Culture and MLP Assay Culturebeen reported that are considered to originate from a
The basic procedures for HOS culture of FT and the culture mediumcommon T/myeloid progenitor (Akashi et al., 1993;
have been described previously (Watanabe and Katsura, 1993). In
Schmidt et al., 1996). These observations are consistent brief, to prepare hematopoietic cell-depleted FT lobes, thymi ob-
with our proposal that p-MT and p-MB are the major tained from 15 dpc B6Ly5.1 fetuses were cultured on polycarbonate
pathways restricting to p-T and p-B, respectively. filters (pore size, 8 mm) (Nuclepore, Pleasanton, CA) floating on
culture medium containing dGuo (1.35 mM) for 6 days in a humidifiedWe have recently found that a large proportion of
atmosphere of 5% CO2 and 95% air. The lobes were washed, andp-Multi-type progenitors do not retain erythroid poten-
single dGuo-treated lobes were placed into wells of a 96-well V-bot-tial (H. K. et al., unpublished data). Therefore, it is proba-
tom plate, to which progenitors were added. Wells along the margin
ble that most p-Multi represent a stage of ªp-MTB,º of the plate were not used but filled with water to maintain high
which has been proposed by Lacaud et al. (1998) to humidity. The plates were centrifuged at 150 3 g for 5 min at room
represent an intermediate stage between the stem cell temperature, placed into a plastic bag (Ohmi Oder Air Service, Hi-
kone, Japan), the air inside was replaced by a gas mixture (70% O2,and lymphoid progenitor. Thus, the p-MTB can be re-
25% N2, and 5% CO2), and incubated at 378C.garded as the ªcommon lymphoid progenitors,º while
The MLP assay system has been described in detail previouslyretaining myeloid potential. The myeloid potential still
(Kawamoto et al., 1997). Almost all procedures are the same as in
accompanies the earliest T and B cell progenitors, which HOS culture. The differences are that a single cell is cultured to-
are p-MT and p-MB, respectively. These myeloid poten- gether with a dGuo-treated lobe and that the culture medium is
tials maintained during the process of T and B lineage supplemented with rm SCF (10 ng/ml), rm IL-3 (3 ng/ml), and rm
IL-7 (200 U/ml) in order to support the growth of not only T but alsorestriction may not necessarily represent the major path-
of B and myeloid cells. The culture period of MLP assay in theway that generates myeloid cells, but they do provide
present study is 10 days. In some experiments, the culture mediumimportant information for defining the developmental
was supplemented with only SCF (10 ng/ml) and IL-7 (20 U/ml).
pathway of lymphocytes. These processes of T/B lin-
eage restriction could be a recapitulation of the phylo-
Paired-Daughter Analysisgenic events where the primitive T and primitive B cells
IL-7R1 FL cells were seeded at 1 cell/well on a monolayer of the
have evolved from a phagocytic cell. stromal cell line TSt-4 in a Terasaki plate. After 12 hr, each of the
paired-daughter cells was picked up with a micropipette and cul-
tured under MLP assay condition for 10 days.Experimental Procedures
Mice Flow Cytometry of Cultured Cells
BALB/c mice were purchased from SLC (Shizuoka, Japan). B6Ly5.1 Cells from both inside and outside the FT lobe were harvested from
mice were maintained in our animal facility and used as the source each well. One third of each sample was stained with FITC-anti-
of FT lobes. Progenitors were obtained from BALB/c mice. Ly5.1 and Cy5-anti-Ly5.2 to screen for the presence of progenitor-
type (Ly5.21) cells. The samples containing Ly5.21 cells were se-
Antibodies lected for further analysis. The remaining two-thirds of the cells from
The following antibodies were used: anti-Ly5.1 (A20-1.7; donated the selected samples were divided into two groups. One group was
by Dr. Y. Saga, Banyu Seiyaku, Tokyo, Japan), anti-Ly5.2 (AL1-4A2; stained with FITC-anti-Thy-1, PE-anti-B220, and Cy-5-anti-Ly5.2,
donated by Dr. I. L. Weissman, Stanford University, Stanford, CA), the other with FITC-anti-Mac-1, FITC-anti-Gr-1, PE-anti-Thy-1, and
anti-c-kit (ACK-2; donated by Dr. S.-I. Nishikawa, Kyoto University) Cy5-anti-Ly5.2. Surface phenotypes were analyzed with a FACSVan-
and anti-erythroid lineage cells (TER119; established by Dr. T. Kina tage. Details for judgment of progenitor types have been described
in our laboratory), anti-B220 (RA-6B2; obtained from American Type previously (Kawamoto et al., 1997).
Culture Collection, Rockville, MD). Anti-Ly5.1 and TER119 were la-
beled with FITC as described. Anti-c-kit, anti-B220, and anti-Ly5.2
RT-PCR
were labeled with Cyanine 5 (Cy5) (Cy5 labeling kit; Biological Detec-
mRNA was isolated using a QuickPrep Micro mRNA purification kit
tion Systems, Pittsburgh, PA). FITC-anti-Mac-1 (M1/70; Caltag, San
(Pharmacia, Little Chalfont, UK) as described in Kawamoto et al.
Francisco, CA), FITC-anti-Gr-1 (RA3-8C5; Caltag), FITC-anti-B220
(1999). cDNA was amplified by PCR using various sets of primers:
and phycoerythrin (PE)-anti-B220 (RA-6B2; Caltag), FITC-anti-
Tcf-1 sense, 59-CCAGCTTTCTCCACTCTACG-39; Tcf-1 antisense,
Thy1.2 and PE-anti-Thy1.2 (5a-8; Caltag), FITC-anti-CD8 (YTS169.4;
59-TCAAGGATGGGTGGGTGAAC-39; Gata-3 sense, 59-TCGGCCAT
Caltag), PE-anti-CD4 (GK1.5; Caltag), FITC-anti-mouse IgM (Cappel
TCGTACATGGAA-39; Gata-3 antisense, 59-GAGAGCCGTGGTGG
Laboratories, West Chester, PA), PE-anti-CD45 (30F11.1; Phar-
ATGGAC-39; Ikaros sense, 59-ACTACCTCTGGAGCACAGCAGAA-39;
Mingen), FITC-anti-TCRgd (GL-3; Caltag), PE-anti-TCRab (H57-597;
Ikaros antisense, 59-ATAGGGCATGTCTGACAGGCACT-39; Pax-5
Caltag), FITC-anti-CD5 (CG16, Caltag), FITC-anti-CD3e (145-2C11,
sense, TCCTCGGACCATCAGGACAG-39; Pax-5 antisense, 59-CCT
PharMingen), and PE-DX5 (DX5, PharMingen) were also used. Anti-
GTTGATGGAGCTGACGC-39; EBF sense, 59-AACTGGCTGTGAATG
TER119, anti-Gr-1, anti-B220, and anti-Thy-1.2 were used as Lin
TCTCG-39; EBF antisense, 59-CACATGGGAGGGACAATCA-39; b-actin
markers.
sense, 59-TCCTGTGGCATCCATGAAACT-39; b-actin antisense,
59-GAAGCACTTGCGGTGCACGAT-39. The reaction volume was 20
Growth Factors ml, containing 2 ml of cDNA sample, 2 ml of 103 PCR buffer (0.1 M
Recombinant murine (rm) IL-7 was kindly donated by Dr. Sudo (Basic Tris±HCl [pH 9.0], 0.5 M KCl, and 15 mM MgCl2), 0.16 ml of 25 mM
Research Laboratory, Toray, Kanagawa, Japan). Commercially dNTPs, 0.6 U of Taq polymerase (Pharmacia), and 0.4 ml of each
available rm stem cell factor (SCF) (Genzyme, Cambridge, MA) and primer (10 mM). After incubation for 5 min at 948C, PCR amplification
rm IL-3 (Genzyme) were also used. was performed using the Thermal-Cycler (TAKARA, Otsu, Japan).
Cycling times and temperatures were as follows: denaturation at
948C for 1 min, annealing at 558C (for Tcf-1, Gata-3, EBF, andCocultivation of Progenitors with Stromal Cells
The BM-derived stromal cell line PA6 (Nishikawa et al., 1988) and b-actin), 588C (for Pax-5), or 608C (for Ikaros) for 1 min, and elonga-
tion at 728C for 2 min. Amplification was performed for 30 cyclesthe thymus-derived stromal cell line TSt-4 (Ohmura et al., 1999) were
used to investigate the generation of myeloid cells and B cells, for b-actin, Tcf-1, Gata-3, and EBF, and 35 cycles for Ikaros and
Pax-5. Fifteen microliters of PCR product was electrophoresedrespectively. To confluent layers of PA6 or TSt-4 cells in a 6-well
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through 1.2% agarose or 5% polyacrylamide gel and stained with Cumano, A., Paige, C.J., Iscove, N.N., and Brady, G. (1992). Bipoten-
tial precursors of B cells and macrophages in murine fetal liver.ethidium bromide.
Nature 356, 612±615.
Dick, J.E., Magli, M.C., Huszar, D., Phillips, R.A., and Bernstein, A.
PCR Analysis of TCRb, TCRg, and IgH Rearrangement (1985). Introduction of a selectable gene into primitive stem cells
Cells (3000 cells) were resuspended in 20 ml of 13 PCR buffer (10 capable of long-term reconstitution of the hemopoietic system of
mM Tris±HCl [pH 9.0], 50 mM KCl, and 1.5 mM MgCl2) including W/Wv mice. Cell 42, 71±79.
0.45% Nonidet P-40, 0.45% Tween 20, and 1.2 mg of Proteinase K
Ema, H., Douagi, I., Cumano, A., and Kourilsky, P. (1998). Develop-(Sigma, St. Louis, MD), and incubated at 558C for 1 hr, then 958C
ment of T cell precursor activity in the murine fetal liver. Eur. J.for 10 min. Aliquots of these cell lysates were used as templates
Immunol. 28, 1563±1569.for PCR amplification. Primers were as follows: Db2, 59-GCACCTG
Georgopoulos, K., Bigby, M., Wang, J.H., Molnar, A., Wu, P., Wi-TGGGGAAGAAACT-39; Jb2.6, 59-TGAGAGCTGTCTCCTACTATCG
nandy, S., and Sharpe, A. (1994). The Ikaros gene is required for theATT-39; Vg4, 59-AGTGTTCAGAAGCCCGATGCA-39; Jg1, 59-AGAG
development of all lymphoid lineages. Cell 79, 143±156.GGAATTACTATGAGCT-39; DSF, 59-AGGGATCCTTGTGAAGGGATC
TACTACTGTG-39; JH4, 59-AAAGACCTGCAGAGGCCATTCTTACC-39. Hattori, N., Kawamoto, H., Fujimoto, S., Kuno, K., and Katsura, Y.
For D-Jb and V-Jg rearrangement, the reaction volume was 20 ml (1996). Involvement of transcription factors TCF-1 and GATA-3 in
the initiation of the earliest step of T cell development in the thymus.containing 5 ml of the cell extract (equivalent to 750 cells), 1.5 ml of
J. Exp. Med. 184, 1137±1147.103 PCR buffer, 0.16 ml of 25 mM dNTPs, 0.4 ml of each primer (10
mM), and 0.6 U of Taq polymerase. Thermocycling conditions were Ikawa, T., Kawamoto, H., Fujimoto, S., and Katsura, Y. (1999). Com-
as follows: 5 min at 948C followed by 35 cycles of 1 min at 948C, 1 min mitment of common T/NK progenitors to unipotent T and NK progen-
at 608C for D-Jb rearrangement or at 558C for V-Jg rearrangement, 2 itors in the murine fetal thymus revealed by a single progenitor
min at 728C, and a final extension step of 10 min at 728C. To detect assay. J. Exp. Med. 190, 1617±1625.
immunoglobulin D-JH rearrangement, 1.0 ml of each primer (10 mM) Jenkinson, E.J., Franchi, L.L., Kingston, R., and Owen, J.J. (1982).
was added instead, and the following PCR conditions were used: Effect of deoxyguanosine on lymphopoiesis in the developing thy-
35 cycles of 1 min at 948C, 1.5 min at 608C, and 2 min at 728C. The mus rudiment in vitro: application in the production of chimeric
elongation time at 728C was prolonged 3 s in each cycle; the final thymus rudiments. Eur. J. Immunol. 12, 583±587.
elongation step was 10 min. Amplified DNA products were loaded
Jotereau, F., Heuze, F., Salomon, Vie, V., and Gascan, H. (1987). Cellon a 1.2% agarose gel, electrophoresed, and stained with ethidium
kinetics in the fetal mouse thymus: precursor cell input, proliferation,bromide.
and emigration. J. Immunol. 138, 1026±1030.
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